Objective: To determine the effect of pioglitazone on bone marrow fat in humans. Design: Twenty participants in a double-blind, randomized, placebo-controlled trial of the skeletal effects of pioglitazone 30 mg daily in type 2 diabetes mellitus (T2DM) entered a 6-month substudy evaluating bone marrow fat. Main outcome measures were bone marrow fat in lumbar spine (L4) and proximal femur (intertrochanteric region), measured using magnetic resonance (MR) imaging, and bone mineral density (BMD), measured using dual-energy X-ray absorptiometry. Results: After 6 months, change in the fourth lumbar vertebra (L4) bone marrow lipid fraction, assessed using two different methods, was greater in the pioglitazone group than in the placebo group (Dixon method: mean (95% CI) change from baseline pioglitazone 1.3% (K0.3, 2.9), placebo K0.2% (K0.8, 0.4), PZ0.06; MR spectroscopy: pioglitazone 2.5% (0.4, 4.7), placebo K1.1% (K3.7, 1.4), PZ0.02). Similarly, the change in lipid fraction in the intertrochanteric region was greater in the pioglitazone group (Dixon method: mean (95% CI) change from baseline pioglitazone 1.3% (0.6, 1.9), placebo K0.8% (K1.8, 0.2), PZ0.001). Within the pioglitazone group, there was no evidence of a significant relationship between change in marrow lipid fraction and BMD. Conclusions: Short-term treatment with pioglitazone increases bone marrow fat in patients with T2DM.
Introduction
Thiazolidinediones (TZDs) are agonists of the nuclear transcription factor peroxisome proliferator-activated receptor-gamma (PPARg (PPARG)) that increase insulin sensitivity and improve glycemic control in type 2 diabetes mellitus (T2DM) (1) . PPARg is also a molecular switch that regulates mesenchymal stem cell fate, favoring adipogenesis over osteoblastogenesis (2) . Several preclinical studies reported increased bone marrow fat in parallel with decreased bone mineral density (BMD) after treatment with TZDs (3). In humans, TZDs decrease BMD and increase fracture risk (4, 5) . The mechanism by which this increased skeletal fragility is mediated is unclear, with evidence for both decreased bone formation (6) and increased bone resorption (7) .
Evaluating the effect of TZDs on marrow fat in humans is important for two reasons. First, it is plausible that increased bone marrow fat induced by TZDs might detrimentally affect BMD. Evidence from in vitro studies suggests that adipocytes adversely influence bone cell function in a paracrine manner (8) , prospective studies on animals report a contemporaneous increase in marrow fat and decrease in BMD (9) , and correlative studies in humans suggest an inverse relationship between bone marrow fat and BMD (10) . Second, it has been suggested that changes in bone marrow fat might artifactually alter measurement of BMD by dualenergy X-ray absorptiometry (DXA) (11) .
Currently, however, data on the effect of TZDs on bone marrow fat in humans are limited. Harslof et al. (12) reported that 6 months of treatment with rosiglitazone decreased both BMD and bone marrow fat in healthy postmenopausal women, the latter finding being surprising given the consistent evidence of increased marrow fat in TZD-treated animals. To further study the effect of TZDs on bone marrow fat, we assessed marrow adiposity in the proximal femur and lumbar spine over 6 months in a subset of participants in a randomized controlled trial of the skeletal effects of pioglitazone in T2DM.
Materials and methods

Participants and protocol
The first 20 consenting participants enrolling in a randomized placebo-controlled trial of pioglitazone, 30 mg daily, entered a substudy to assess the effect of the intervention on bone marrow fat. The primary endpoint of the parent trial was change in lumbar spine BMD at 12 months. Participants were men and women O30 years with T2DM. Exclusion criteria included congestive heart failure New York Heart Association grade R2, BMD T score at hip or spine !K2, previous fracture of hip, vertebra, forearm or humerus, chronic liver or renal disease, diseases or medications known to affect bone metabolism, and body weight O120 kg. Randomization to daily treatment with either pioglitazone 30 mg or a matching placebo was undertaken using a variable block size schedule based on computergenerated random numbers, stratified for age, menopausal status, and gender. Only the statistician had access to treatment allocation, and he had no contact with participants. All the other study personnel and participants were blinded to treatment allocation throughout. The study received ethical approval from the Northern Y Regional Ethics Committee and was registered with the Australian New Zealand Clinical Trials Registry, ACTRN12607000610437, date of registration 28/11/07. All participants gave written informed consent.
Bone marrow fat
Lumbar spine and bilateral proximal femoral magnetic resonance (MR) imaging (MRI) was performed using a 1.5 Tesla MR scanner (Siemens Avanto, Erlangen, Germany). Marrow fat was evaluated by two distinct techniques.
Spectroscopy The L4 vertebral body was identified using sagittal and coronal plane localizer T1 turbo spin echo (TSE) images. A single 15 mm 3 voxel was positioned within the mid-anterocentral vertebral marrow space to avoid inclusion of cortical bone or the endplates.
1 H-MR spectroscopy was performed using a modified (no water suppression) stimulated echo acquisition mode single voxel sequence, with the following parameters: repetition time (TR) 5000 ms, echo time (TE) 20 ms, 1024 data points, bandwidth 1000 Hz, and acquisition time 5 min 40 s (13) . Free induction decays were analyzed using the Hankel Lanczos Squares Singular Value Decomposition algorithm, based on the Lanczos algorithm for the estimation of spectral components in the time domain (jMRUI software v4.0, Graveron-Demilly et al., Claude Bernard University, Lyon, France). A two-component analysis was performed to represent the primary water and lipid peaks, with 2048 point and 1024 row Hankel matrix parameters. The integrals of the peaks for water (Pw) and fat (Pf) were recorded. The lipid fraction was calculated as Pf/(PfCPw). The lipid fraction provides a value between 0 (no fat) and 1 (only fat, no water).
Quantitative chemical shift A modified Dixon technique (14) was used to measure the fat fraction at the L4 vertebral body and the intertrochanteric regions.
In-phase and opposed-phase T1 gradient echo 3D sequences were performed with the following parameters: TR 7.03 ms, TE 2.38 ms, 4.76 ms, 3NSA, 1.0!1.0!4.0 mm voxel size, and contiguous axial stacks to cover the whole region of interest (ROI). Water and fat images were generated from the in-and outof-phase images using the Siemens (B17 version) software. T1 TSE axial images were acquired to cover the ROI matched to the Dixon imaging, using parameters TR 550 ms and TE 10 ms. Axial multislice imaging was also performed through the hips, including both hip joints and the proximal femora extending to a few centimeters below the lesser trochanters. At the L4 vertebral body, five slices were selected to represent the most central marrow space of the body, chosen to avoid the vertebral endplate or intervertebral disc. At the proximal femora, ten slices were selected, starting at the level of the lesser trochanter and proceeding proximally. A brush ROI was painted at each slice within the margins of the low signal cortex on the fat-only image; this ROI was then eroded by four pixels in the L4 images and three pixels in the femoral neck images in order to exclude a uniform amount of the peripheral marrowcortical interface. The ROI was directly copied into the water-only image to ensure that the same area in each corresponding slice was sampled. The pixel values were averaged across the total number of slices sampled in both the fat-only (Mf) and water-only (Mw) series. The lipid fraction was calculated as Mf/(MfCMw).
Bone mineral density
BMD was measured at baseline and 6 months at the lumbar spine (L1-L4) and dual proximal femur using a Lunar Prodigy DXA (GE Lunar, Madison, WI, USA). The coefficients of variation for measurement of total hip and lumbar spine BMDs in our laboratory are 1.1 and 1.4% respectively.
Statistical analysis
Data were analyzed using procedures of SAS (v9.2; SAS Institute, Inc., Cary, NC, USA). Changes from baseline in bone marrow fat at each site, and BMD at each site, were compared between study groups using Student's t-test for unpaired data. Correlations between change in bone marrow fat and change in BMD were performed using Spearman's correlation coefficient.
Results
The baseline characteristics of the participants in the substudy cohort are shown in Table 1 . Mean compliance with study medication, assessed by tablet count, was 89% in the pioglitazone group and 96% in the placebo group. During the study, HbA1c declined in the pioglitazone group (mean (95% CI) change from baseline K0.28% (K0.02, K0.54), PZ0.03) and was unchanged in the placebo group (mean (95% CI) change from baseline K0.04% (K0.45, 0.37), PZ0.83). Figure 1 shows the results of the bone marrow fat analyses. At L4, the change in lipid fraction was greater in the pioglitazone group than in the placebo group, irrespective of the measurement technique applied (Dixon method: mean (95% CI) change from baseline pioglitazone 1.3% (K0.3, 2.9), placebo K0.2% (K0.8, 0.4), PZ0.06; magnetic resonance spectroscopy method: pioglitazone 2.5% (0.4, 4.7), placebo K1.1% (K3.7, 1.4), PZ0.02) (Fig. 1A and C) . Similarly, the change in lipid fraction in the left intertrochanteric region was greater in the pioglitazone group (mean (95% CI) change from baseline pioglitazone 1.3% (0.6, 1.9), placebo K0.8% (K1.8, 0.2), PZ0.001) (Fig. 1B) . Similar findings were present at the right intertrochanteric site (data not shown). Within the pioglitazone group, there was no evidence that the change in marrow fat differed by gender. Mean (95% CI) change in L4 lipid fraction was 1.6% (K0.4, 3.5) in men and 0.9% (K3.8, 5.6) in women; change in left intertrochanteric lipid fraction was 1.4% (0.6, 2.2) in men and 1.1% (K0.6, 2.7) in women (PO0.5 at each site).
It has been suggested that change in bone marrow adiposity might artifactually influence BMD measurements performed using DXA (11) . We used data from the pioglitazone group to examine the relationship between change in marrow fat and BMD. The relationship between these variables was not significant at either site (L4, rZK0.18, PZ0.63; trochanter, rZK0.02, PZ0.97).
Some evidence also suggests that HbA1c levels are positively related to marrow fat in patients with T2DM (15). We did not find a significant relationship between baseline HbA1c levels and marrow fat at either site (L4, rZK0.24, PZ0.31; trochanter, rZK0.17, PZ0.48). Nor was there evidence for a relationship between change in HbA1c and marrow fat in the pioglitazone group (L4, rZ0.25, PZ0.49; trochanter, rZ0.35, PZ0.33).
Discussion
This study provides evidence that treatment with pioglitazone increases bone marrow fat in people with T2DM. We assessed marrow fat at two skeletal sites, Pioglitazone and bone marrow fat the proximal femur and the lumbar spine, using two distinct MRI-based techniques and found significant increases in the marrow adiposity in each instance. The results are consistent with in vitro and preclinical studies that suggest that activation of PPARg signaling preferentially directs mesenchymal stem cells into the adipocyte lineage at the expense of osteoblastogenesis (4), but to our knowledge are the first data that demonstrate a TZD-induced increase in marrow adiposity in humans. Our findings are different to those of Harslof et al. (12) , who reported that 6 months of rosiglitazone treatment decreased bone marrow fat in the lumbar spine of healthy postmenopausal women, assessed using MRI proton spectroscopy. The reason(s) for the divergent results of the two studies is not clear. It is possible that pioglitazone and rosiglitazone differ in their effects on marrow adipogenesis in vivo. The preclinical literature does not include any studies on animals treated with pioglitazone in which marrow fat was evaluated (3). It is also possible that diabetic subjects respond differently to TZDs than nondiabetic subjects. Our study included men, while that of Harslof et al. included only women. The skeletal fragility induced by TZDs is more readily apparent in women (5, 16) . We found no consistent evidence that gender modulated the effect of pioglitazone on marrow fat, but the number of participants of each gender was small. The current findings may have relevance to two important issues. First, it is possible that increased marrow adiposity contributes to the increased skeletal fragility observed in clinical studies of TZDs. Co-culture experiments demonstrate that adipocytes induce osteoblast apoptosis via a paracrine mechanism (8) and inverse relationships between marrow fat and BMD have been reported in prospective studies on animals (9) and cross-sectional studies on humans (10) . Decreased bone formation has been reported in both preclinical and clinical studies on TZDs (3). Second, ex vivo experiments suggest that increased marrow fat might artifactually decrease BMD measured by DXA (11) . Whether this applies in vivo is uncertain -genetic ablation of marrow fat in mice does not alter BMD measured by DXA (17) , and the current results, failing to show a consistent inverse relationship between changes in marrow fat and BMD during TZD therapy, suggest that the findings of decreased BMD in TZD-treated subjects are not artifactual. The latter notion is supported by recent evidence that rosiglitazone decreases BMD measured using quantitative computed tomography (18) and by in vivo modeling studies that suggest that changes in marrow fat of the magnitude we observed are unlikely to alter BMD measured by DXA (19) .
Our study has limitations. The number of participants was small, and evaluation of bone marrow fat was not the primary endpoint of the study. We only studied participants after 6 months of exposure to pioglitazone. Direct confirmation of the changes in bone marrow fat identified radiologically was not undertaken. Neither was it possible to assess the metabolic activity or composition of marrow fat after TZD exposure.
In summary, the current study provides preliminary evidence that bone marrow fat increases during shortterm treatment with pioglitazone, suggesting a potential means by which TZDs might decrease osteoblast function and thereby BMD. The absence of an inverse relationship between change in marrow fat and that in BMD suggests that DXA measurements in patients treated with TZDs provide a valid estimate of BMD.
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